Abstract
Transcription of the egg-laying hormone (ELH) gene family was examined by characterizing homologous cDNA clones from abdominal ganglion and atrial gland cDNA libraries. All cDNAs contain an exon that spans the coding region (exon Ill) and one or two additional exons. The tissue-specific expression of the ELH gene family was confirmed by the observation that exon Ill encodes the ELH precursor protein in the bag cell transcripts and either the A or B precursor proteins in the atrial gland transcripts.
The cDNA clones also contain 5' untranslated exons not present in the previously isolated genomic clones. One type of transcript has a 40-base pair segment, designated exon I, contiguous with exon Ill. A second type of transcript has an additional 149 base pairs of DNA, designated exon II, located between exons I and Ill. Several genomic clones containing exons I and II were isolated. DNA sequence analysis reveals that exons I and II are directly linked and that they are separated from exon Ill by an intervening sequence of at least 5 kilobases (kb). Consensus sequences for a putative promotor region and also for RNA splicing and polyadenylation were identified. From this work we can describe a prototype ELH gene complete with identified sequences necessary for the proper initiation of transcription and the subsequent processing of the transcript.
Egg laying in Aplysia is a stereotyped behavior goverened by a family of neuropeptides (Arch et al., 1978; Strumwasser et al., 1980; Scheller et al., 1983a) . The A and B peptides are secreted by an exocrine tissue, the atrial gland (Arch et al., 1978; Heller et al., 1980; Schlesinger et al., 1981) . In vitro, the A and B peptides cause depolarization of two groups of 400 electrically coupled neurons situated on the rostra1 margin of the abdominal ganglion (Blankenship, 1980; Strumwasser et al., 1980) . These "bag cells" fire tonically for about 30 min, releasing a battery of peptides, including egglaying hormone (ELH), into the vascularized connective tissue sheath which surrounds the ganglion (Frazier et al., 1967; Arch, 1972; Loh et al., 1975; Arch et al., 1978; Strumwasser et al., 1980 1979; Stuart and Strumwasser, 1980; Scheller et al., 1983b) and at the same time travel through the circulatory system to distant targets such as the ovotestis (Kupfermann, 1970; Coggeshall, 1970; Dudek and Tobe, 1978; Rothman et al., 1983) . The combined hormonal, modulatory, and transmitter activities of these biologically active peptides are thought to generate the egg laying fixed action pattern. The peptides involved in egg laying are encoded by a small gene family (Scheller et al., 1982 (Scheller et al., , 1983a . Three of the approximately five members of the ELH gene family have been cloned, isolated, and characterized (Scheiler et al., 1983a) . These distinct but highly homologous genes include the linked ELH and peptide B genes (on clone ELH-1) and the peptide A gene (on clone ELH-18). In situ and in vitro hybridization studies reveal that the ELH gene family is expressed in the bag cells, the atrial gland, and a small network of interneurons distributed throughout the CNS (McAllister et al., 1983) . Furthermore, within these tissues expression is limited to different members of the ELH gene family. For example, the predominant polyadenosine (poly A) mRNA species in the bag cells is homologous to the ELH gene, whereas in the atrial gland transcripts homologous to the peptide A and B genes are present (Scheller et al., 1983a) .
Each member of the ELH gene family encodes a distinct protein containing identified biologically active peptides flanked by proteolytic cleavage sites. Although the genes are more than 90% homologous at the DNA level, divergence between sequences has resulted in significant changes in the amino acids which signal processing. Thus, different sets of peptides are predicted to be released from the precursors. Most significantly, although all precursors contain regions of both A/B peptide-like homology and ELH-like homology, each precursor releases a different one of these three peptides (Scheller et al., 1983a) .
Several discrete RNA species homologous to the ELH genomic clones are present in the bag cells and the atrial gland (Scheller et al., 1982) . These may be transcripts from distinct members of the ELH gene family or, alternatively, they may represent alternately processed RNAs following transcription of a single gene. To characterize these transcripts we have isolated cDNA clones complementary to the RNA present in the bag cells and the atrial gland. The structural analysis of the cDNA clones and of the genes encoding the transcripts is presented. 
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NT genomic clone ELH-1 to yield a 1 kb Pst I fragment and a 470 base pair Pst I/Hint II fragment containing the 3' and 5' ends of the ELH gene, respectively. These were labeled with =P by nick-translation (Rigby et al., 1977) to a specific activity of 10' to 10' cpm/pg. A heat-or base-denatured probe (2 x lo6 cpm) was incubated with the filters for 18 hr at 65°C in a solution of 5x SSC (1X SSC is 0.15 M NaCI, 0.015 M sodium citrate, pH 7.0), 10 mM Tris (pH 7.5), 1mM EDTA (pH 8.0), 0.5% SDS, 5x Denhardt's
(1 x Denhardt's is 0.02% each of bovine serum albumin, Ficoll, and polyvinyl pyrolidone), and 10 pg/ml of sheared salmon sperm DNA. The filters were washed in several changes of 0.5~ SSC and 0.05% SDS at 65°C for 3 to 4 hr, air dried, and autoradiographed for 24 to 72 hr at -70°C. Both probes yielded numerous positive plaques or colonies from both libraries. These were isolated and purified by rescreening at a lower phage or colony density. ELH genomic clones were isolated from two different Aplysia genomic libraries. The construction of the first library, using the phage lambda cloning vector Charon 4, has been described previously (Scheller et al., 1982) . The second library was similarly constructed using the phage cloning vector XJl (Mullins et al., 1984) and size-selected fractions of Mbo I partially digested DNA. Approximately 400,000 recombinants were screened using "P-labeled ELH cDNA clone J restriction fragments as probes. These nick-translated probes contained either exon I, exon I and II, or exon Ill sequences.
Hybridizations were performed using the same solution as above and were carried out for 16 to 20 hr at 60 to 65°C with 2 x IO6 to 1 x 10' cpm of probe. Several clones from the Charon 4 library hybridized only to exon I or exon I/ II probes. The XJl library yielded clones that hybridized both to exon Ill and exon l/II probes. These clones were purified by rescreening at lower densities with the same probes.
Restriction endonuclease mapping. The positions of various restriction enzyme cleavage sites were determined by size analysis of single, double, and partial digestion products which were fractionated using agarose or polyacrylamide gel electrophoresis. DNA sequencing.
The atrial gland and abdominal ganglion cDNA insert segments and regions of ELH genomic clones containing 5'.exon sequences were subcloned into the plasmid pBR322 and transformed into Escherichia co/i strain HB 101 using the CaC12 method (Maniatis et al., 1982 Southern (1975) .
Restriction fragments generated from ELH cDNA clone J were utilized as probes in hybridization analysis; the 135-base pair Eco RI/Hint II 5'-fragment and the 1 Okilobase (kb) Hint II/Eco RI coding fragment were 32P labeled via nick-translation to a specific activity of 5 X lo6 to 1 X 10' cpm/pg. Heatdenatured probe (2 X lo6 cpm) was incubated with the filters for 18 hr at 65°C in the hybridization solution described above. The filters were washed in several changes of 0.5~ SSC and 0.05% SDS at 65°C for 3 to 4 hr, air dried, and autoradiographed for 24 to 72 hr at -70°C.
Results
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contain a core region of about 1 kb homologous to the previously characterized portion of the ELH gene (Scheller et al., 1983a) . The genomic and cDNA clones diverge at the site of the poly A tail addition on the cDNAs. A nucleotide sequence common to all genes which give rise to polyadenylated transcripts, AUUAAA, is located at position 1178 (Proudfoot and Brownlee, 1976) . The poly A tail is added either 13 (clones J, T, and U) or 21 (clone X) nucleotides after the AUUAAA sequence. The total length of the 3' untranslated region (80 nucleotides) is short compared to the other neuropeptide genes we have studied (Nambu et al., 1983; Taussig et al., 1984) . The nucleotide sequence of the coding region is almost identical to the genomic sequence determined previously (Scheller et al., 1983a ). The precise site of translation initiation is defined by the first methionine in the transcripts, Single base changes between the cDNA and genomic sequences (underlined in Fig. 2 ) often give rise to amino acid substitutions; however, none are noted in the regions encoding known peptides. Most of the differences are probably the result of polymorphisms. Similar studies on other peptide genes have shown that in some cases differential RNA processing can give rise to unique precursor proteins (Amara et al., 1982) . We find no evidence of this and conclude that a single precursor protein is the prominent species in the bag cells of adult Aplysia.
The homology between the cDNA and genomic DNA sequences is conserved upstream of the initiator methionine for 110 nucleotides, after which, complete divergence occurs. The four clones shown in Figure 2 are present in either of two configurations in the 5' untranslated region. These two configurations differ by the presence (clones X and J) or absence (clones T and U) of 149 nucleotides. Examination of the nucleotide sequences at the junctions between homologous and nonhomologous regions suggests that the ELH genes contain a previously unidentified 5' sequence which is separated from the main body of the coding region by one or more introns. For simplicity of discussion we have defined exon I as the 5'-most region present in all cDNA clones but not in the genomic clone ELH-1. We defined exon II as the 149 nucleotides unique to clones X and J, and exon Ill as the remaining sequences which include the coding region.
The nucleotide sequences of four atrial gland cDNA clones are shown in Figure 3 along with the nucleotide sequence of the A gene from genomic clone ELH-18 (Scheller et al., 1983a) . The atrial gland cDNA library does not contain full length clones; however, the nucleotide sequence of the four cDNAs presented reveals the salient features of these transcripts. The atrial and abdominal cDNAs share Figure 4 . Genomic Southern blot analysis of ELH genes. Aliquots of genomic DNA from a single Aplysia specimen were digested to completion with the restriction enzymes Eco RI (A), Hind Ill (B), or Pst I (C). Ten micrograms of these digestion products were electrophoresed on 0.7% agarose gels and transferred to nitrocellulose filters. Two restriction fragments derived from ELH cDNA clone J were then radiolabeled with =P via nick-translation and used as probes in hybridization analysis. Probe 7 consists of a 130-base pair EcoRI/ Hint II fragment and contains exons I and II. Probe 2 is a 1.1 -kb Hint II/Eco RI fragment which contains only exon Ill. The positions of fragments 1 and 2 relative to ELH cDNA clone J and the resulting Southern blot pattern are shown. Column 7, genomic DNA blot using probe 1. Column 2, Genomic DNA blot using probe 2.
Mahon et al. Vol. 5, No. 7, July 1985 several common structural features. All have the same organization in the 3' untranslated region and lose homology with their respective genes at precisely the same position in their 5' ends. The leader sequence of the only atrial cDNA clone isolated that has this region is homologous to exon I in the bag ceil transcripts. The rest of the atrial cDNA is homologous to the genomic DNA up to the site of the poly A tail. These results suggest that, like the abdominal ganglion transcripts, the atrial transcripts undergo RNA splicing 5' to, but not within, the coding region. stop codon further downstream. The cysteine residue may form a disulfide bond with the previously identified cysteine residue in the ELH region of the precursor (Figs. 3 and 8) .
Peptides A and B are each 34 amino acids and differ from each other by four base changes which result in amino acid substitutions (Heller et al., 1980; Scheller et al., 1963a) . Two of the clones encode peptide A (genomic clone ELH-16 and cDNA clone 2) one clone encodes peptide B (genomic clone ELH-l), and the other clone encodes a previously uncharacterized peptide (which we call peptide C) that is homologous to peptide B at three positions and peptide A at one position (cDNA clone 5). Other base changes do not occur in regions of the gene which encode known peptides.
Although the coding regions of the atrial clones are homologous to the previously characterized genomic clones, several significant differences between the gene and the transcripts have been observed. The three clones which extend far enough into the 3' region all have a deletion of nucleotide 699 followed by a transition of nucleotide 700 from a C to a T. This causes a frame shift which gives rise to a cysteine codon immediately after the deletion and a complete the gene structure the genomic representation of exons I Genomic organization of the ELH genes. Previous studies characterized three genomic clones containing exon Ill regions homologous to the bag cell and atrial transcripts (Scheller et al., 1963a Portions of the A and B peptide precursors corresponding to ELH encoding sequences are also given (ELH14, A-ELH). The presumed signal sequence cleavage site is designated by a large arrow (w); additional known or potential proteolytic processing sites occur at single arginine ( 1 ) and multiple basic (1) residues. Other putative post-translational modifications include carboxy-terminal amidation (NH,) and phosphorylation (P). Positions of charged amino acids (+/-), as well as hydrophobic residues (U), histidines (@), prolines (S), and cysteines (S) are indicated. multigene families (Kedes, 1979; Efgtratiadis et al., 1980; Eberhardt et al., 1982) and further studies are currently being pursued to address this possibility.
In general, there is a good correlation between the sizes and numbers of the restriction fragments from the genome blots and from the genome clones that contain the 5' and coding exons. It is not surprising that some discrepancies exist because the genomic libraries and the Southern blot studies used DNA from three different Aplysia subjects. A significant amount of DNA polymorphism is observed in these animals and related species (Britten et al., 1978; Scheller et al., 1982) , making an exact correlation between animals difficult.
DNA sequence analysis. The positions of exons I and II on genomic clones ELH-16, ELH-17, and ELH-18 were determined by restriction mapping, hybridization experiments, and nucleotide sequencing (Fig. 6) . It was discovered that all :three of these clones contain both exons I and II (ELH-18 also contains exon Ill) and that these two exons are contiguous, with no intervening sequence between them. RNA-splicing consensus dinucleotides GT were found immediately following the 3' ends of both exons I and II (Fig.  6, boxes) . The corresponding AG acceptor dinucleotides are also present directly preceding exon III in the ELH, A, and B peptide genes. This is consistent with splicing pathways which could be used to generate both types of ELH cDNAs, those having exons I, II, and Ill (bag cell cDNAs J and X) and those having only exons I and Ill (bag cell cDNAs U and T and atrial gland cDNA 5) from a single gene type. We have not isolated genomic clones of other configurations such as that with exons I and Ill only or that in which exons I and II are not contiguous, suggesting that all RNAs arise through this mechanism.
The genomic sequences on clones ELH-16, ELH-17, and ELH-18 were quite homologous (94%) to each other throughout the transcribed region and were equally homologous to the corresponding regions of the cDNAs. In fact, the exon I and II sequence from ELH-16 exactly matches that of the bag cell cDNA clone X, suggesting that this is part of a transcribed ELH gene. The large degree of homology observed between both the bag cell and atrial transcripts in the 5' noncoding region suggests that these sequences do not encode critical information for the tissue-dependent expression of the members of the ELH gene family. The significance of having two configurations of transcripts is unknown but is probably also unrelated to the tissue-dependent expression of the genes, since we recently identified cDNA clones containing exon II from an atrial gland cDNA library. It is possible that the transcripts have different stability conferred by exons I and II, or that one form of transcript predominates in a subset of cells.
The DNA sequence flanking the transcribed exons in the three genomic clones was also determined. All three contain a perfect TATAAAA box (Fig. 6 , asterisks) centered at position -40 which is bounded on both sides by GC-rich regions. These sequences occur in roughly the same position in all eukaryotic genes which have been examined and are thought to be important in directing the specificity and efficiency of gene transcription (Goldberg, 1979; Breathnach and Chambon, 1981) . At -100 basepairs upstream from exon I is a sequence bearing homology to another conserved region, the "CAAT" box (Fig. 6, asterisks) . This second, less conserved consensus sequence is also proposed to be necessary for efficient transcription (Benoist et al., 1980; Breathnach and Chambon, 1961) . Twenty-five nucleotides upstream from the proposed regulatory sequences, several insertion/deletion events lead to reduced homology between the three genes.
Discussion
From the data presented, we can define a prototype gene that represents all characterized members of the ELH gene family (Fig.  7) . The gene consists of three exons which are separated by a single intervening sequence. Nucleotide sequences homologous to the consensus sequences for the proper initiation of transcription in eukaryotes (the "TATA" and "CAAT" boxes) are present upstream from exon I (Goldberg, 1979; Benoist et al., 1980; Breathnach and Chambon, 1981) . We have also identified sequences which in all other eukaryotes are necessary for RNA processing. These include the GT donor and AT acceptor sequences which are present at RNA splice junctions (Lewin, 1960) and the sequence AUUAAA in the 3' end of the gene which signals polyadenylation (Proudfoot and Brownlee, 1976) . The major structural difference between the bag cell gene type and the atrial gland gene type is a 240-nucleotide insert in the A/B peptide coding region.
The ELH genomic clones exhibit a large degree of homology which extends for several kilobases past the transcribed regions around exon Ill (Scheller et al., 1962) and exons I and II. Such homology would be expected if the ELH gene family arose by duplication of a DNA segment which contained the complete transcription unit for a primordial ELH gene. It is striking that the homology between genes dramatically declines upstream from the TATA and CAAT sequences, a region which has been implicated in the tissue-specific control of gene expression in other systems. We suggested that the ELH genes diverged in the coding region following duplication of an ancestral gene which resulted in alternative proteolytic processing pathways to produce different sets of peptides from the precursors (Scheller et al., 1983a) . Similarly, it is possible that changes in the DNA sequences upstream to transcription initiation may be important in the evolution of the tissue-specific expression of the gene family. A similar proposal has been made for the growth hormone gene family which displays similar structural characteristics (Eberhardt et al., 1982) . The structural characterization of the cDNA and genomic clones presented here serves as a basis for eventual deletion analysis and transformation studies which may address these questions and provide insight into the evolution of the egg-laying behavior.
Mahon et al. Vol. 5, No. 7, July 1985 The peptide precursors encoded by the atrial and bag cell transcripts are shown in Figure  8 . These proteins are very similar to those predicted from the DNA sequence analysis of the genomic clones which have been discussed previously (Scheller et al., 1983a 
